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Abstract Porous anodic alumina membranes with Y-
branched and double-branched nanopores were fabricated
by the stepwise reduction of anodizing potential during the
second step of anodization carried out in 0.3 M oxalic acid.
The process of nanoporous layer formation and influence of
anodizing parameters on structural features of as-obtained
anodic aluminum oxide (AAO) membranes were discussed
in detail. The pore rearrangement process occurring after the
potential decrease was investigated on the basis of the
current density vs. time curves, and results were correlated
with the field-emission scanning electron microscope
images of the pore bottoms taken after different anodizing
durations. It was found that the reorganization of nanopores
begins after 600 and 500 s from the time of the potential
reduction to 42 and 30 V and the process seems to be
completed after about 900 and 800 s, respectively. The
through-hole AAO membranes were used as templates for
the fabrication of gold and polystyrene nanowires via elec-
trochemical deposition and simple immersing in the poly-
mer solution, respectively. The arrays of hierarchically
branched nanowires were synthesized, and the dimensions
of nanowires were consistent with the shape and structure of
used AAO templates.
Keywords Anodization . Branched nanopores . Y-shaped
nanowires . Electrodeposition
Introduction
Recently, a strong trend towards miniaturization of elec-
tronic devices could be observed, therefore, all disciplines
of nanotechnology have become the most popular scien-
tific areas in both academic science and industry [1, 2].
Among numerous nanomaterials fabricated over the last
decades, 1D nanostructures, such as nanowires and nano-
tubes are subjects of great research interest not only due
to their unusual physical and chemical properties, but
also because of their potential applications in modern
nanodevices [3]. Although great progress has been made
in fabrication of simple 1D nanostructures over the last
few years [4–6], the synthesis of multifunctional nano-
devices often requires more complex nanostructures and,
thus, many research groups are working on development
of methods for nanomanufacturing.
Among many strategies, the use of porous anodic
aluminum oxide (AAO) membranes as templates for
nanofabrication seems to be the most popular, cheapest
and simplest way for synthesis of nanowires [7–10],
nanotubes [8, 11], nanodots [12, 13], or even sophisti-
cated 3D nanoarrays with precisely controlled dimen-
sions [14–16]. A number of reports on fabrication of
metallic nanowires and nanotubes by cathodic electrode-
position inside nanochannels of AAO templates can be
found, but most of them refer to the simplest and linear
nanomaterials with uniform diameters [14].
Nowadays, big attention is focused on fabrication of
hierarchically structured nanomaterials, e.g., Y-junction
and multibranched nanowires and nanotubes that can be
potentially used as device interconnectors [17, 18]. Nano-
porous alumina membranes with branched nanopores can
be also obtained by using a simple anodizing procedure.
A few strategies have been already reported [19–25].
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Wang et al. have synthesized a large-size, multibranched
AAO template by anodizing in a phosphate-based solu-
tion, at the constant current density of 1.3 Adm−2 and
5 °C [20]. It was found that the diameter of pores on the
outer surface of the oxide layer ranges from 150 to
220 nm, and each main channel has many branches
whose width is about 100–120 nm. The authors sug-
gested that the formed complex structure of AAO can
be ascribed to the unstable growth of oxide film at the
initial stage of the process [20]. On the other hand,
Zakeri et al. reported the synthesis of nonlinear nano-
pores in alumina films by anodizing of different geomet-
ric shaped substrates [21]. It was shown that a control
over the orientation of nanopores can be accomplished
by controlling the geometric shape of aluminum sub-
strates on which alumina layers are grown. A simple
model that predicts the shape and orientation of nonlinear
nanopores grown on different shaped substrates was also
published [21]. Zhang et al. proposed another method for
the fabrication of hyper-branched nanoporous structures
by sequences of potential- and current-controlled anod-
izations performed in an oxalic acid solution [22].
The most common and widely used strategy to fab-
ricate AAO membranes with branched nanopores is
changing the anodizing potential during the second step
of anodization [19]. It is widely recognized that both,
pore diameter and interpore distance, depend linearly on
applied potential with a proportionality constant of
about 1.29 and 2.5 nm V−1, respectively [23]. The
reduction of the anodizing potential by a factor of
1/√2 results in the formation of Y-branched pores [24, 25].
Two-, three-, and four-generation Y-branched (hierarchically
branched) pores can be also obtained by further sequential
reduction of anodizing potentials by the same factor. Using the
same methodology, multiply branched nanopores are formed
as a result of the reduction of the anodizing potential by a
factor of 1/√n, where n is a number of branches [24]. Up to
now, there are only a few papers on fabrication of branched
metallic nanowires by electrodeposition inside the pores of
AAO templates [22, 24–29].
Here, we present results on formation of through-
hole AAO membranes with branched nanopores. The
process of nanoporous layer formation and influence of
anodizing parameters on structural features of as-
obtained membranes are discussed in detail. A special
emphasis is put on the investigation of the pore rear-
rangement process after the reduction of anodizing
potential and correlation of current density curves with
the field-emission scanning electron microscope (FE-
SEM) images of the pore bottoms taken after different
anodizing durations. In addition, some results on fab-
rication of Y-branched nanowire arrays are also
presented.
Experimental
Fabrication of AAO templates with branched pores
The high purity (99.999 %) annealed aluminum foil (Good-
fellow), 0.5 mm thick was used as a starting material. Al
substrates with dimensions of 25×5×0.5 mm were
degreased in acetone and ethanol and electrochemically
polished in a mixture of perchloric acid (60 wt%) and
ethanol (1:4 vol.) at a constant voltage of 20 V for 30 s at
0 °C (Fig. 1a).
The nanoporous alumina layers were prepared on the Al
surface by simple two-step self-organized anodization carried
out in 0.3 M oxalic acid at 20 °C. The first anodization was
performed under the constant potential of 60 V for 1 h
(Fig. 1b). The oxide layers formed on the Al surface were
removed by chemical etching in a mixture of 6 wt% H3PO4
and 1.8 wt% H2CrO4 at 45 °C for 12 h (Fig. 1c). After that, the
second anodization was performed at 60 V (Fig. 1d). In order
to obtain Y-branched nanopores, the applied potential was
reduced to 42 V after 120 min (Fig. 1e) and maintained for
different periods of time (5, 10, 20, and 30 min). It allows to
investigate the oxide growth rate at the reduced potential. In
order to formAAOmembranes with two level branched pores,
after 30 min of anodizing at 42 V, the applied potential was
reduced to 30 V and the duration of this step was 10, 20, 30,
and 40 min (Fig. 1h). All anodizations were performed in a
simple electrochemical cell with vigorous magnetic stirring,
thermostated by a powerful circulating system (Thermo
Haake, DC10-K15). A working surface area of the aluminum
sample (about 0.5 cm2) was selected by insulation of the rest of
the sample with an acid resistant paint. A Pb plate served as the
cathode and the distance between both electrodes was about
3 cm. After anodizations, samples were rinsed with water and
dried. The remainingAl substrate was chemically removed in a
saturated HgCl2 solution (Fig. 1f and i). After that, the chem-
ical etching of the continuous oxide layer at the pore bottoms,
called “barrier layer”, was carried out in a 5 wt% H3PO4
solution at 35 °C (Fig. 1g and j). AAO membranes were put
on a microscopic glass and dipped into the acid solution for a
specified period of time. By monitoring the duration of the
pore-opening process, membranes with a different pore diam-
eters were obtained. After the pore opening, AAO membranes
were cleaned in water then ethanol and dried.
Synthesis of nanowires
As-prepared through-hole AAO membranes were used as
templates for electrochemical fabrication of Y-shaped metallic
nanowire arrays. Before the electrodeposition, a thin Au con-
ducting layer was sputtered at the bottom side of the mem-
brane. Au nanowire arrays were synthesized by a simple DC
galvanostatic electrodeposition at the constant current density
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of 1 mA cm−2 in a commercially available electrolyte (Aur-
una® 5000; Au content, 7 gdm−3; Fig. 1k and l). All electro-
deposition experiments were performed in a typical three-
electrode cell with the AAOmembrane as a working electrode
and Pt plates as a counter and reference electrodes using a
Reference 3000 potentiostat (Gamry Instruments). After the
electrodeposition process, samples were rinsed with water
then ethanol and dried. In order to release the fabricated nano-
wires, AAO templates were chemically removed in a 1 M
NaOH solution at room temperature for 60 min (Fig. 1m and
n). Polystyrene nanowire arrays were obtained by immersing
AAO templates in a 1.5 wt% solution of polystyrene in
chloroform.
Characterization
The morphology of AAO templates and nanowire arrays
was studied with a FE-SEM/energy dispersive X-ray
Fig. 1 Schematic
representation of the
anodization procedure used for
fabrication of AAO membranes
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spectrometer (EDS; Hitachi S-4700 with a Noran System 7).
The composition of nanowires was confirmed by EDS anal-
yses. The characteristic parameters of AAO membranes
such as oxide layer thickness, interpore distance and pore
diameter were calculated on the basis of SEM images by
using the scanning probe image processor WSxM v.12.0
[30], ImageJ software [31], and an executable paper [32].
Results and discussion
The cross-sectional views of AAO templates with Y-
branched and two level-branched nanopores are presented
in Fig. 2a and b, respectively. In both cases, long and
parallel nanochannels can be easily recognized. As can be
seen, when the anodizing potential is reduced from 60 to
42 V each pore is divided into two smaller channels (yellow
areas “2” in the SEM images), and in that way the Y-
branched pore structure is obtained. A subsequent reduction
of the anodizing potential from 42 to 30 V leads to a second
division of nanochannels (pink area “3” in the SEM image)
and formation of the template with hierarchically branched
nanopores. It is well known that the thickness of oxide layer
grown on aluminum is almost linearly proportional to the
duration of the anodization process [33]. Therefore, a length
of nanochannels can be easily controlled by adjusting the
anodizing time. The influence of anodizing conditions on
the rate of porous oxide growth was discussed in detail in
our previous work [33]. Unfortunately for the AAO tem-
plates with hierarchically-branched pores, the dependence
between the thickness of the porous oxide layer and the
duration of the anodizing step after the reduction of the
anodizing potential, is more complicated.
In order to get deeper insight into the oxide growth rates
after subsequent reductions of the anodizing potential, the
thicknesses of oxide layers grown at the reduced potentials
were estimated from FE-SEM images for different process
durations. Then, the oxide growth rates for different time
periods were calculated. The relationships between the ox-
ide growth rate and different time periods for anodizations
carried out at the reduced potentials of 42 and 30 V are
shown in Fig. 3a and b, respectively.
It can be seen that the reduction of potential affects
considerably the rate of oxide growth. In particular, just
after the potential reductions, the oxide growth rates are
much lower than those observed during anodizing at fixed
potentials of 42 and 30 V (red dash lines). For the process
performed at the reduced potential, the oxide growth rate
significantly increases with increasing anodizing time. In
both cases, the stable values of the oxide growth rate, closed
to the values observed for potentiostatic anodizations under
42 and 30 V, are reached after about 30 min. To explain this
Fig. 2 Cross-sectional FE-
SEM images of nanoporous
AAO membranes with Y-
branched (a) and two-level-
branched (b) nanopores. The
anodization at 60 V was carried
out for 120 min. The duration of
anodizing at the reduced poten-
tial of 42 V (a and b) and 30 V
(b) was 30 min
Fig. 3 Oxide growth rates for
different anodizing periods after
the potential reduction to 42 V
(a) and 30 V (b)
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tendency, the current density vs. anodizing time curve is
shown in Fig. 4.
The shape of the current–potential curve, after the anod-
izing potential reduction, is consistent with those reported
previously by Takahashi et al. [19] and O’Sullivan and
Wood [34]. Both observations about the curve shape and
formation mechanism leading to the Y-branched channels
could be explained in terms of the most reliable field-
assisted mechanism of the porous layer growth [35]. It
should be noted that the barrier layer thickness is linearly
dependent on the anodizing potential with a proportionality
constant of about 1.04 nm V−1 [34]. After 2 h of anodizing
under 60 V, the applied potential was reduced to 42 V. As a
result of the potential reduction, the current density de-
creased to almost negligible values, due to the fact that the
electric field across the barrier oxide layer is too small, and
remained almost constant for about 500 s. Consequently, the
low rate of oxide growth, observed during the first 10 min of
anodizing under 42 V, is the result of low current densities.
It can be seen that after 300 s of anodizing under the reduced
voltage (Fig. 4a), the bottom side of the AAO layer looks
still the same as after anodizing under 60 V [33]. This fact is
also confirmed by an average cell diameter shown in Fig. 6
which is close to the cell diameter of the AAO layer formed
by anodizing under 60 V. After some time, the thickness of
the barrier layer starts to decrease due to the progressive
Fig. 4 The relationship
between the current density and
duration of the second
anodizing step before and after
reduction of the anodizing
potential from 60 to 42 V
together with FE-SEM images
of the bottom side of AAO
membranes after 300 s (a),
600 s (b), and 1,200 s (c) an-
odizing under 42 V, and after
two-step anodization under
42 V without any potential
changes (d)
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dissolution of the oxide layer in the electrolyte, so the
electric field gradually increases. As a result, a gradual
increase in the current density and oxide growth rate can
be observed after about 600 s of anodizing under 42 V. In
evidence of that, some disordered areas at the bottom side of
the AAO with a partially dissolved barrier layer can be
noticed (see Fig. 4b). When the current density increases,
the process of the pore rearrangement begins and new cells
are formed [19]. As a consequence of this process, a de-
crease in the average cell diameter (see Fig. 5) and increase
in the oxide growth rate are observed (see Fig. 3).
In addition, the current density begins to stabilize and the
rearrangement of pores seems to be completed after about
900 s. At this stage of the anodizing process, the size of
hexagonal cells is similar to the cell size observed in AAO
membranes formed under 42 V without any potential
changes (about 105 nm).
It is well known that the best pore order in AAOs,
anodized in oxalic acid solutions, can be observed at
potentials closed to 40 V (self-ordering regime) [23].
As can be clearly seen, the degree of pore order, after
reorganization of the structure, is much higher than be-
fore the pore rearrangement. However, the regularity of
pore arrangement is still not as good as observed for
AAOs formed by anodizing under 42 V without any
potential changes (compare Fig. 4c and d). This phenom-
enon can be attributed to the fact that concaves formed
on the Al surface during the first anodization carried out
at 60 V were arranged in a different way than is required
for the anodization at 42 V.
In order to fabricate a second level of branches in AAO
layers, after 20 min of anodization at 42 V, the anodizing
potential was reduced to 30 V. As a result of the potential
reduction, a significant decrease in current density, to almost
negligible values, and lower rates of the oxide growth were
observed (Fig. 3b). For this case, the rearrangement of the
pores, indicated by the current density increase, begins at
about 500 s after the application of the reduced potential.
Consequently, for higher current densities the increase in the
oxide growth rate is also observed (Fig. 3b). The reorgani-
zation is completed after about 800 s of anodizing at 30 V,
and the alumina growth rate reaches a destination value
(dash line).
In order to obtain a through-hole AAO membrane a
procedure of pore opening by chemical etching in a
phosphoric acid should be performed. It is noteworthy
Fig. 5 The relationship between the cell size estimated from the
bottom side of the AAO membrane and duration of the anodizing step
after the potential reduction from 60 to 42 V
Fig. 6 FE-SEM images of bottom sides of AAO membranes with two level branched pores before the pore opening procedure (a) and after 20 min
(b), 25 min (c), 30 min (d), and 40 min (e) of chemical etching in a 5 wt% H3PO4 solution at 35 °C
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that the thickness of the barrier layer strongly depends
on anodizing conditions, especially on the applied po-
tential. Moreover, the etching rate of AAO is strongly
affected by the concentration of H3PO4 and etching
temperature. Thus, the procedure of pore opening, al-
ways associated with pore widening, should be opti-
mized carefully. Figure 6 shows FE-SEM images of
the bottom side of AAO membranes with two level
branched nanopores formed by anodizing of the high
purity Al foil in 0.3 M oxalic acid at 20 °C. The
duration of the anodizing under 60, 42, and 30 V was
7,200, 1,200, and 1,800 s, respectively. The pore opening
procedure was carried out in 5 wt% H3PO4 at 35 °C.
It is clearly visible that after 20 min of pore opening
pores are still closed (Fig. 6b) but, the pore bottoms are
smoother when compared with those observed for the mem-
brane before the chemical etching in phosphoric acid
(Fig. 6a). This is a result of an isotropic thinning of the
barrier layer by the acidic etchant. After 25 min of pore
opening, some holes can be visible, but the majority of pores
are still closed (Fig. 6c). The complete removal of the barrier
layer is achieved after 30 min of etching and the average
diameter of opened pores is about 30 nm (Fig. 6d). When
the duration of the pore opening/widening process is ex-
tended to 40 min, the average pore diameter increases to
about 45 nm (Fig. 6e).
It should be noted that the pore opening procedure
carried out in a phosphoric acid solution widens also
the nanopore mouths. The adhesion of the top side of
the AAO membrane to the microscopic glass results in
a slightly lower etching rate at the top of the alumina
template than at the bottom side that was directly
exposed to the acidic solution. Therefore, widening of
the pore diameter at the top side of the AAO layer
proceed a little bit slower than at the bottom side
(Fig. 7).
As was mentioned before, pore and cell dimensions
in AAO depend linearly on anodizing potential and,
thus, it is obvious that these parameters should be
considerably larger at the top side than at the bottom
side of the AAO membrane. To illustrate this point, FE-
SEM images of top and bottom sides of the nanoporous
AAO membrane with Y-branched nanochannels after
pore opening are shown in Fig. 8.
The average pore diameter and cell size estimated for
both sides of the AAO membranes having one- or two-
level-branched pores are collected in Table 1. Both
types of alumina membranes with Y-branched and two-
level-branched nanopores were used as templates for
fabrication of Au and polystyrene nanowire arrays.
The gold nanowire arrays fabricated by cathodic elec-
trodeposition inside AAO membranes with branched
nanopores are shown in Fig. 9a and b. The template
with Y-branched channels was synthesized by the two-
step anodization in 0.3 M oxalic acid at 20 °C, and the
duration of the process at the reduced potential of 42 V
was 10 min. After 10 min of electrochemical deposition,
a uniform array of ultra short Y-shaped Au nanowires
was formed (Fig. 9a).
The diameters of the trunk of the nanowire and branches
roughly correspond to the dimensions of the Y-branched
nanochannels of the AAO template used for electrodeposition.
Fig. 7 The relationship between the pore diameter and duration of the
pore opening procedure for nanoporous membranes with two level
branched channels
Fig. 8 FE-SEM images of the
top (a) and bottom (b) sides of
the AAO membrane with Y-
branched pores after 50 min of
pore opening in 5 wt% H3PO4
at 35 °C
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The prepared Y-branched nanowire array was mechanically
stable and easy to handle that makes it possible to be used as a
nanostructured electrode in modern applications such as ca-
talysis, sensors and current collectors. The FE-SEM image of
hierarchically branched Au nanowires grown by electrodepo-
sition at 1 mA cm−2 for 20 min is shown in Fig. 9b. Also in
this case, the dimensions of branched Au nanowires are con-
sistent with the shape of alumina nanochannels used as a
template.
Another method that involved pore filling of the AAO
template with a polymer was also used for fabricating
branched polymer nanowire arrays. The through-hole
AAO membranes with Y-branched and two level branched
nanopores were immersed into the solution of polystyrene in
chloroform for the desired amount of time and allowed to
dry in air at room temperature. The FE-SEM images of
fabricated and released from the AAO template Y-
branched and two-level branched polystyrene nanowires
are shown in Fig. 9c and d, respectively. The prepared
polystyrene nanowires precisely reproduce the dimensions
and shape of pores of the AAO templates used for their
fabrication.
Conclusions
In summary, the two-step self-organized anodization with the
stepwise reduction of the applied potential is a simple and
effective method for fabrication of anodic alumina membranes
with Y-branched and two-level-branched nanochannels. Just
after the reduction of anodizing potential, a significant decrease
in both current density and oxide growth rates were observed.
It was found that for anodizations carried out in 0.3 MH2C2O4
the process of pore rearrangement is completed after about 900
and 800 s from the time at which the potential was reduced to
42 and 30 V, respectively. In order to obtain through-hole
alumina membranes, a simple pore opening procedure carried
out in 5 wt% H3PO4 should be performed. The pore diameter
at the top and bottom sides of the AAO membrane depends
linearly on the etching time. As-prepared anodic alumina
membranes can be easily employed as templates for the fabri-
cation of Y-branched and two-level-branched gold nanowires
by cathodic electrodeposition. The uniform filling of AAO
templates with polystyrene results in the formation of branched
polymer nanowires that precisely reproduce the dimensions
and shape of nanopores.
Table 1 Pore diameters and cell dimensions for AAO membranes with hierarchically branched nanopores formed by anodizing in 0.3 M oxalic
acid at 20 °C and after the pore opening/widening procedure
Type of the membrane Pore opening conditions Pore diameter (nm) Cell diameter (nm)
Top view Bottom view Top view Bottom view
AAO with Y-branched nanopores 5 wt% H3PO4; 35 °C; 50 min ∼90 ∼65 ∼140 ∼100
AAO with two level branched nanopores 5 wt% H3PO4; 35 °C; 40 min ∼90 ∼40 ∼140 ∼70
Fig. 9 FE-SEM images of
Y-branched Au (a) and poly-
styrene (c) nanowires and two-
level-branched Au (b) and
polystyrene (d) nanowires after
the removal of the alumina
template
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